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We analyze FUV spatially-resolved dayglow spectra obtained at 0.37 nm resolution by the 30 
UVIS instrument during the Cassini flyby of Venus. The intensities of the ultraviolet 31 
multiplets of carbon at 126.1, 156.1 and 165.7 nm are determined using a least squares fit 32 
technique applied to all dayglow spectra recorded by UVIS along the Cassini track. These 33 
intensities are compared with the results of a full radiative transfer model of these emissions, 34 
that includes the known photochemical sources of photons and resonant scattering of sunlight. 35 
The carbon density profile of the Venus thermosphere has never been directly measured and 36 
is taken from a model. We find a serious disagreement between these observations and 37 
modeling that can be accounted for by applying a scaling factor to the carbon column. This 38 
needed scaling factor is found to increase monotonically with solar zenith angle, suggesting a 39 
possible photochemical origin to the disagreement, possibly involving the photochemistry of 40 
molecular oxygen to which the carbon density is highly sensitive. 41 
Keywords: Venus,  Atmosphere ; Ultraviolet observation ; Radiative transfer ; 42 
Photochemistry  43 
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1. Introduction 45 
The presence of carbon atoms in the thermosphere of planet Venus has been established 46 
in the early seventies by Rottman and Moos (1973) using a rocket-borne FUV spectrometer, 47 
that measured the intensity of the CI-156.1 and 165.7 nm emissions to be ~2.4 and ~4.0 kR 48 
respectively. This discovery was later confirmed by the detection of the CI-165.7 nm line by 49 
the spectrophotometer of the Mariner 10 spacecraft (Broadfoot et al., 1974) and by the 50 
presence of both spectral features in the FUV spectra recorded by the Orbiter Ultraviolet 51 
Spectrometer (OUVS) on board the Pioneer Venus (PV) spacecraft (Stewart et al., 1979; 52 
Paxton, 1983, 1985). 53 
Scientific analysis of these observations made it possible to address the study of the 54 
carbon photochemistry and density profile. Direct measurement of the vertical distribution of 55 
carbon has never been performed. However, the C density was estimated at high altitude (i.e. 56 
above the CO layer that contaminates the CI emission measurements due to its fourth positive 57 
emission) by Paxton (1985) using PV-OUVS observations of 156.1 and 165.7 nm emissions. 58 
Full understanding of the carbon vertical profile nevertheless remains an open question, and 59 
remote sensing of the carbon emissions is the most important source of observational 60 
constraints to guide its scientific investigation. 61 
Excitation of the upper states of the 165.7 and 156.1 nm multiplets (3s3P0 and 2p3D0 62 
respectively) can mainly be achieved through photodissociation and dissociation by electron 63 
impact on the CO and CO2 molecules, by direct electron impact on C atoms and by resonance 64 
scattering of photons (either solar or endogenous). Photodissociation of CO is the dominant 65 
mechanism producing ground state carbon, but dissociative recombination of CO+ and CO2+ 66 
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cannot be neglected, especially at high altitude (Fox and Paxton, 2005). It has already been 67 
established that the main sink of carbon in the thermosphere of Venus is the reaction 68 
C + O2 → CO + O       (1) 69 
although the O2 density profile has never been measured, and remains largely unknown. 70 
Several authors have developed elaborated models of the Venusian thermospheric and 71 
ionospheric photochemistry that now include the carbon photochemistry, making an 72 
assumption on the fO2 	=	O2/[CO2] mixing ratio (Fox and Dalgarno, 1981; Fox, 1982, 2003; 73 
Fox and Bougher, 1991 and references therein; Paxton, 1983; Fox and Bakalian, 2001; Fox 74 
and Sung, 2001; Fox and Paxton, 2005). Indeed, estimation of the carbon density combined 75 
with a detailed photochemical modeling is the only method available up to now to evaluate 76 
the O2 density, which has never been measured directly. Fox and Sung (2010) calculated a 77 
carbon density profile too low compared with the results of Paxton (1985), that could be 78 
attributed to a too large value of fO2 . Fox and Paxton (2005) used recent reaction parameters 79 
to re-investigate the carbon photochemistry and compare the results with the density profile of 80 
Paxton (1985) at high altitude. They estimated that fO2 ~ 3x10-4. The knowledge of the carbon 81 
density profile is a key element in modeling and understanding the FUV carbon emissions. 82 
Full disc observation of the carbon emissions were also obtained by Feldman et al. (2000) 83 
using the Hopkins Ultraviolet Telescope (HUT) on Astro-2, who found 800 ± 27 R at 156.1 84 
nm and 1500 ± 50 R at 156.7 nm. These numbers did however include the contribution of the 85 
blended CO (A-X) Fourth Positive emission blended with the carbon lines at the HUT 86 
resolution. 87 
Scattering of the solar carbon UV lines largely dominates the total source of UV 88 
photons (Fox and Paxton, 2005 and references therein) but photochemical sources need to be 89 
included as well. Resonant lines of carbon, such as the multiplets at 156.1 and 165.7 nm, have 90 
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large transition probabilities, so that a detailed model is needed to describe the multiple 91 
scattering and radiative transfer, that determine the intensity of the radiation field in the 92 
thermosphere. 93 
New observations of the FUV and EUV emissions of Venus were obtained with the 94 
Ultraviolet Imaging Spectrograph (UVIS) (Esposito et al., 1998) during the Cassini flyby of 95 
Venus. These data were used to study the Fourth Positive system of CO and the oxygen 96 
emissions at 130.4 and 135.6 nm by Hubert et al. (2010). These authors also determined the 97 
intensity of every spectral feature identified in the FUV spectra recorded by UVIS, using a 98 
least squares fit technique guided by spectroscopic constraints. They compared the 99 
observations with a model of the oxygen radiative transfer at 130.4 nm and with simple line of 100 
sight integration of the sources at 135.6 nm. The photochemical excitation rates used in that 101 
study were computed with the Monte Carlo model of Shematovitch et al. (2007), that had 102 
already been applied to the atmosphere of Venus by Gérard et al. (2008) and the radiative 103 
transfer was computed with the model of Gladstone (1985). They found a good agreement 104 
between observation and model results using the atmosphere from the VTS3 model (Hedin, 105 
1983) and including the resonance scattering of the solar OI-130.4 nm line. 106 
Gérard et al. (2010) studied several EUV features of the Venus ultraviolet spectra 107 
recorded by Cassini-UVIS and analyzed the OII 83.4 nm, OI 98.9 nm, Lyman-ß + OI 102.5 108 
nm and NI 120.0 nm multiplets, and the CO C–X and B–X Hopfield–Birge bands. The 109 
calculated intensity variation of the CO B–X emission along the track of the UVIS slit was in 110 
fair agreement with the observations. They also found that the O, N2 and CO densities from 111 
the empirical VTS3 model provide satisfactory agreement between the calculated and the 112 
observed EUV airglow emissions. However they found that the O+ density obtained by 113 
extrapolating the model results of Fox and Sung (2001) versus F10.7 was too low to account 114 
for the observation. Gérard et al. (2011) also modeled the EUV HeI-58.4 nm emission of 115 
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Venus and compared their results with the observation of Cassini-UVIS. They again found 116 
that the observations are correctly reproduced by the model using the solar HeI-58.4 nm flux 117 
of the EUVAC model (Richards et al., 1994) together with the helium density provided by the 118 
VTS3 model. 119 
In this study, we present the intensity of CI- 126.1, 156.1 and 165.7 nm emissions 120 
recorded with the UVIS instrument along the track of the Cassini spacecraft during its flyby 121 
of Venus on 24 June 1999, on its way to Saturn. The radiative transfer of these emissions 122 
through the Venus thermosphere is modeled and compared with the observation in order to 123 
constrain the carbon density profile. 124 
2. Observations 125 
The Cassini spacecraft was launched on 15 October 1997. On its long journey to Saturn, 126 
the spacecraft took a gravitational assist to gain energy from Venus on 24 June 1999. The 127 
UVIS instrument on board Cassini (Esposito et al., 1998) obtained a series of FUV spectra 128 
during this flyby, at a time period of rising solar activity, when the F10.7 solar index was 129 
~214 at Earth distance. During the flyby, Cassini reached an altitude of closest approach of 130 
602 km. The spacecraft had to be oriented so that its 4-meter antenna shielded the payload 131 
from the Sun. This required UVIS to look in a direction nearly perpendicular to the Sun-132 
spacecraft line, so that the phase angle remained close to 90°. The foot track of the flyby was 133 
detailed by Hubert et al. (2010) and Gérard et al. (2011). A total of 55 records of 32 s have 134 
been obtained along the track at a 0.34 nm spectral resolution. Twenty-two of them showed 135 
dayglow emissions, as the UVIS field of view intersected the illuminated disc of Venus.  136 
The intensities of the many spectral features present in the FUV-UVIS channel were 137 
determined using the least squares fit technique developed by Hubert et al. (2010). The 138 
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carbon lines that we want to study here are blended with emissions of the CO 4th positive 139 
system at the UVIS resolution. Instead of using deconvolution or a limited well choosen set of 140 
spectral features of known Franck-Condon factors to try to separate the different emissions 141 
present in the UVIS pass-band, our least squares fit technique constrains the relative intensity 142 
of all the CO-4P emissions having a common upper state using the Einstein transition 143 
probabilities of the CO-4P bands that are deduced from the results of Kurucz (1976), thus 144 
including all the Franck-Condon factors of the CO-4P system at once. However, as noted by 145 
Hubert et al. (2010), the intensities of the (v’,0) bands can be self-absorbed. The least-squares 146 
fit method was thus designed as to determine the (v’,0) emissions separately, without 147 
constraining it by the Einstein transition parameters (that include the Franck-Condon factors). 148 
The least squares fit technique thus presents the advantage of including the additional 149 
spectroscopic information which would not be accounted for by a deconvolution technique, 150 
while it also accounts for all the relevant spectral data and spectroscopic constrains at once to 151 
determine the needed intensities, which would not be guaranteed by a simple method using 152 
the expected relative intensity of a few, well chosen, CO-4P bands. Figure 1 shows the 153 
observed and fitted intensities obtained for UVIS record 25, i.e. for the observation having the 154 
smallest possible emission angle along the Cassini track. Panel a shows that the observed 155 
spectrum is well accounted for by the fitted spectrum between 125 and 180 nm. Panel b shows 156 
the contributions of the CO fourth positive system (black), oxygen multiplets (red) and carbon 157 
multiplets (greed, from CI and CII transitions) to the fitted spectrum. In particular, the CI 158 
multiplets at 156.1 and 165.7 nm are detailed in panels c and d, that show that the 159 
corresponding observed spectral features are well represented by the fitted spectrum, that 160 
includes contributions from both the CO-fourth positive system and the CI multiplets. Table 1 161 
lists the transitions of main interest that were identified in the FUV channel between ~125 and 162 
~180 nm, and included in the fitting process. Although the carbon emissions at ~114.1, 115.8, 163 
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119.4 and ~127.8 nm are present in the UVIS pass band, they were not analyzed in details due 164 
to the presence of a large number of unresolved line blends between carbon transitions and 165 
with emissions from other atoms as well. For example, more than 20 spectral lines of carbon 166 
exist between 127 and 129 nm (Reader et al., 1980, Weise and Fuhr, 2007). Figure 2 shows 167 
the intensity variation of the brightest CI and CII lines included in the fitting of the UVIS 168 
FUV spectra between ~125 and ~180 nm. The CI transitions at 143.2 and 146.3 nm (not 169 
shown in Figure 2) involve two excited states, and are found to have a negligible intensity in 170 
the Venus spectra. As it appears in Figure 1 and in Figure 2 of Hubert et al. (2010), the CI-171 
132.9 and CII-133.5 nm multiplets form a single broad feature in the UVIS pass band, and it 172 
is hard to determine whether the fitted intensities are fully reliable, despite the small 173 
uncertainties deduced from Poisson noise propagation and chi-square function flatness given 174 
in Figure 2. As already mentioned, the CI – 127.8 nm signal results from the accumulation of 175 
many multiplets. The apparently large intensity of the 127.8 nm feature does thus not 176 
warranty that one of the multiplets is very bright itself. Moreover, this spectral interval is so 177 
crowded with transitions that obtaining the solar intensity necessary for a detailed modeling is 178 
at least challenging. This spectral feature is thus not suitable for further theoretical analysis. 179 
The brightest multiplets at 156.1 and 165.7 nm have already been used by other authors to 180 
study the thermosphere of Venus (Paxton, 1985 for example). The large brightness of these 181 
lines and the absence of other carbon multiplets at near wavelength make them ideal tools for 182 
theoretical analysis. On the other hand, the CI – 126.1 nm transition is much weaker and has 183 
much larger uncertainties, as it obviously appears in Figure 1. However, this spectral feature 184 
is well isolated at the UVIS resolution and will also be included in the simulations. 185 
3. Photochemical model. 186 
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The Monte Carlo model of Shematovitch et al. (2010) solves the Boltzmann equation 187 
for the ionospheric electrons of planet Venus using a stochastic method. The electrons can be 188 
produced by solar EUV photons ionizing the neutral constituents of the Venus thermosphere. 189 
Secondary electrons can also be produced by collisions between already present electrons 190 
with atoms and molecules of the gas. The model computes the energy degradation of the 191 
photoelectrons and secondaries to obtain the energy distribution function of the electrons. The 192 
rate of electron impact-production and excitation of the upper state of atomic and molecular 193 
transitions relevant to aeronomic observations are then calculated using relevant cross 194 
sections. The photochemical sources of excitation of those transitions are thus computed and 195 
made available for further radiative transfer treatment (or simple line-of-sight integration 196 
under optically thin conditions). The radiative transfer model must however also include 197 
resonance scattering of the solar radiation, which is the dominant primary source of CI 198 
photons in the thermosphere (Fox and Paxton, 2005). The photochemical excitation processes 199 





CO + hν → C* + O
CO + e → C* + O + e
CO2 + hν → C* + 2O
CO2 + e → C* + 2O + e
C + hν → C*
C + e → C* + e
        (2) 201 
The photodissociation cross sections of CO2 and CO producing the CI 3s 3P0 and CI 2p3 202 
3D0 are taken from Wu et al. (1978) and Wu and Judge (1981). The photodissociative 203 
excitation cross sections of CO and CO2 are not known for the CI 3d 3P0 state, and this 204 
process has been ignored in the model. Electron impact on CO can produce CI excited in the 205 
3s 3P0, 2p3 3D0 and 3d 3P0 states. The cross sections for the 165.7 and 156.1 nm emissions 206 
were obtained by scaling that of the CI-128 nm emission (Paxton, 1985), with a factor based 207 
on the oscillator strength of these transitions (Goldbach and Nollez, 1987). The cross section 208 
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of Ajello (1971 a) at 127.8 – 128.0 nm has been scaled according to the oscillator strength for 209 
the 3d 3P0 state. For the electron impact on CO2, the energy dependent cross section for the 210 
excitation of the CI 127.8 – 128.0 nm emissions is scaled to the values at 100 eV for the 3s 211 
3P0 and 2p3 3D0 states (Ajello 1971 a,b; Shirai 2001). The cross section for the 3d 3P0 state was 212 
scaled from the CI  127.8 – 128.0 cross section according to the oscillator strength. Direct 213 
excitation of carbon atoms by electron impact were included using the cross sections of 214 
Dunsheath (1997) for the three 3s 3P0, 2p3 3D0 and 3d 3P0 states. 215 
The carbon density profile was obtained by scaling the low and high solar activity 216 
density profiles of Fox and Paxton (2005) by the F10.7 index. Figure 3 shows the carbon 217 
density profile and the calculated photochemical excitation rates of the 126.1, 156.1 and 165.7 218 
nm upper states of carbon, for the condition of the UVIS record number 25, which has the 219 
most vertical viewing direction of the flyby, and a solar zenith angle SZA= 64.23 deg. For the 220 
transition at 126.1 nm, photodissociation of CO and CO2 is neglected, the cross sections of 221 
these processes remaining unknown for the CI 3d 3P0 channel. Around 150 km of altitude, 222 
electron-impact dissociation of CO and CO2 have magnitudes comparable to that of the direct 223 
impact of electrons on carbon atoms, which becomes the dominant source above 160 km. 224 
Electron-impact dissociation of CO2 dominates below 135 km of altitude. Several local 225 
maxima appear below the main peak as a consequence of the complex interplay between the 226 
density profile of the dominant species, and the altitude-dependent absorption of solar 227 
ultraviolet and solar X rays emissions that control the photoelectron source. This remark holds 228 
as well for the excitation of the CI-156.1 nm transition, which is mostly dominated by the 229 
electron-impact dissociation of CO2, at nearly all altitudes. The other processes are 230 
nevertheless not negligible photochemical sources. The photochemical excitation of the CI-231 
165.7 nm transition is dominated by the electron-impact dissociation of CO2 below 135 km, 232 
whereas at higher altitude, this source becomes comparable with (and sometimes smaller 233 
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than) the photo-dissociation of CO2. It is important to note that all dissociative excitation 234 
processes are exothermal reactions. As a result, the produced fragments and thus the produced 235 
carbon atoms, mostly have a speed well above the thermal speed. This means that 236 
thermospheric thermal carbon atoms have a small probability of scattering photons emitted by 237 
those newly produced fast carbon atoms. The way to handle these emissions (produced by the 238 
fast carbon atoms) is thus to neglect all radiative transfer effect on them, and to consider that 239 
the thermosphere of Venus is optically thin to these photons, so that a direct line of sight 240 
integration of the calculated emission rate is needed to simulate the contribution of these 241 
nonthermal sources of photons to the observed Cassini-UVIS intensity. Only the direct 242 
electron impact excitation of thermospheric carbon atoms may require a detailed radiative 243 
transfer calculation. This source peaks close to the maximum of the carbon density (2.6 x 106 244 
cm-3) shown in Figure 3d. The density profile of CO2, the most important constituent of the 245 
thermosphere of Venus, is also shown for comparison. 246 
4. Radiative transfer modeling.  247 
The photochemical sources described above must not all be included in a full radiative 248 
transfer modeling of these emissions, as explained above. Only the direct electron impact 249 
excitation of carbon atoms is concerned by this paragraph. The carbon density is so low in the 250 
thermosphere of Venus that optical thickness is not very large at these wavelengths. Including 251 
a full radiative transfer modeling is nevertheless more accurate, especially for slant views of 252 
the thermosphere, such as for the observing conditions of Cassini-UVIS. Moreover, this 253 
allows us to conduct consistent sensitivity tests on the carbon density profile, such as those 254 
that we will make to constrain the carbon density profile. 255 
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A full treatment of the radiative transfer of the carbon emissions at 126.1, 156.1 and 256 
165.7 nm must include scattering of the solar emissions at these wavelengths. Shine et al. 257 
(1978) have measured the solar spectrum at 156.1 and 165.7 nm at a very high resolution, 258 
resolving the line shape of every line of both multiplets. The solar spectrum reveals strongly 259 
reverted broad lines that overlap each other. Fortunately, the temperature of the Venus 260 
thermosphere is sufficiently low to neglect these overlaps in the radiative transfer treatment, 261 
all lines being separated from each other by many Doppler widths. However, the detailed 262 
shape of the solar spectrum cannot be neglected.  The radiative transfer model of Gladstone 263 
(1985) assumes line shapes symmetrical about the line center, which can be approximated by 264 
the sum of two symmetrically shifted Gaussian functions of same width and magnitude. These 265 
Gaussian functions can be described in terms of two parameters xdis and xoff that quantify the 266 
dispersion of both Gaussians and their offset with respect to the rest wavelength, expressed in 267 
standard Doppler units at a suitable temperature, as it was previously done by Gladstone 268 
(1992) for the solar OI-130.4 nm multiplet. The model solves the radiative transfer for the 269 
red-shifted wing, thus neglecting any difference between blue-shifted and red-shifted photons. 270 
This approximation is fully satisfying in planetary atmosphere, but the non-symmetrical, 271 
blended line shapes measured by Shine et al. (1978) cannot be used in the model without 272 
adaptation. We constructed symmetrized line shapes about every line of both multiplets that 273 
can be approximated using two Gaussian functions. We ensured that the input flux at line 274 
center was compatible with the actual non-symmetric line shape, so that formally, blue-shifted 275 
and red-shifted photons can be considered as equivalent in the radiative transfer treatment, i.e. 276 
that the wavelength-symmetrized radiative transfer produces the same intensity as a full non-277 
symmetrized treatment would do. For the CI-126.1 nm multiplet, the contribution of each line 278 
of the multiplet to the solar flux was determined by fitting the SOHO-SUMER spectrum 279 
(Curdt et al., 2001) using Gaussian functions. We found that the relative contributions are 280 
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0.018, 0.123, 0.007, 0.289, 0.417 and 0.146 at 126.0927, 126.1122, 126.1552, 126.0735, 281 
126.0996 and 126.1426 nm respectively. 282 
The total absolute flux of the solar multiplets are estimated as follows. First, the relative 283 
contribution of each multiplet to the solar intensity of a broad wavelength interval is estimated 284 
using the SOHO-SUMER spectra of Curdt et al. (2001). Second, the integrated solar flux of 285 
the same wavelength interval is estimated for the observing conditions prevailing during the 286 
Cassini flyby using the empirical model of Woods and Rottman (2002), which is based on an 287 
F10.7 proxy. The flux of each multiplet is then estimated considering the multiplet contributes 288 
to the solar spectrum in the same proportion as that found using the spectrum of Curdt et al. 289 
(2001). This method allows us to estimate the solar flux of each multiplet for any solar 290 
activity, and in particular for the conditions of the Cassini flyby (assuming that the ratios that 291 
we estimate are not activity-dependent), despite the lower spectral resolution used by Woods 292 
and Rottman (2002). The relative contributions of the CI sextuplets to the solar flux are 293 
summarized in Table 2.  294 
Table 3 lists the transition parameters used in the present study. The parameters xdis and 295 
xoff refer to the dispersion and offset of both Gaussian functions relevant to each line in the 296 
observed solar spectra symmetrized about the rest wavelength of each particular line. As the 297 
detailed high resolution solar spectrum remains unknown for the CI-126.1 nm multiplet, the 298 
values of the xdis and xoff parameters are assumed equal to the average of all the transition of 299 
the CI-156.1 and 165.7 nm multiplets. CI lines in Table 3 are grouped by upper state, because 300 
the radiative transfer of transitions having a common upper state must be treated in a coupled 301 
manner. Each multiplet can thus be decomposed into a singlet, a doublet and a triplet of 302 
coupled lines. The solar flux relevant of each multiplet, deduced from the model of Woods 303 
and Rottman (2002) following the procedure described above, needs to be scaled to account 304 
for the distance between the Sun and Venus. The F10.7 index used in the solar flux proxy 305 
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accounts for the Earth-Sun-Venus angle. For comparison, the solar fluxes obtained by 306 
integrating the SOHO-SUMER spectrum of Curdt et al. (2001) (obtained for different activity 307 
conditions), across the wavelength interval of the multiplets after removing the background, 308 
are 1.59 x 1010 cm-2 s-1 at 165.7 nm, 5.30 x 109 cm-2 s-1 at 156.1 nm and 9.05 x 107 cm-2 s-1 at 309 
126.1 nm. Observations from the Solar EUV Experiment (SEE) instrument onboard the 310 
Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite (Woods et 311 
al., 2000) can equally be used to estimate the solar flux at 156.1 and 165.7 nm for observing 312 
conditions similar to those of the Cassini flyby. The flux at 126.1 nm cannot be retrieved from 313 
the TIMED-SEE data, apparently due to the presence of the nearby solar Lyman-α line. We 314 
selected SEE solar spectra observed for F10.7 ranging between 211 and 217, and we found 8 315 
such observations. The average fluxes computed from these data are 1.80 x 1010 cm-2 s-1 at 316 
165.7 nm and 4.60 x 109 cm-2 s-1 at 156.1 nm. Reminding that the solar irradiance given by 317 
the model of Woods and Rottman (2002) is considered to be accurate within ~20%, all these 318 
fluxes are compatible with each other. The wavelengths and Einstein transition parameters 319 
listed in Table 3 are from Froese Fischer (2006). The CO2 polarisability of Nir et al. (1973) 320 
was used to compute the Rayleigh scattering cross sections with the formula given by Thomas 321 
and Stamnes (1999). The photochemical excitation rates shown in Figure 3 are distributed 322 
among the sublevels of the carbon upper state proportionally to the degeneracy of each sub-323 
state of the upper state. This is acceptable considering that the sub-states of a given electronic 324 
upper state only differ by their angular momentum, so that they have very similar energies. 325 
Radiative transfer of the photons of photochemical and solar origins can be calculated 326 
separately, the results being summed up eventually for comparison with the observation. 327 
Figure 4 shows the source functions of the CI-165.7 nm multiplet evaluated for the observing 328 
conditions of Cassini-UVIS record number 25, resulting from resonance scattering of the 329 
ultraviolet sunlight. The primary source represents the rate of introduction of photons in the 330 
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thermospheric gas. It has two origins in the present model: the number of photons emitted per 331 
unit volume and per second by excited carbon atoms produced by the mechanisms listed in 332 
equations (2) on the one hand, and by resonance scattering of incident solar photons on the 333 
other. As already pointed out before, both can be treated separately. The primary source must 334 
not be confused with the source function of radiative transfer, which includes multiple 335 
scattering of photons in (resonance) transitions. Formally, the radiative transfer (RT) source 336 
function is equal to the number of atoms that emit a photon per second in a unit volume. The 337 
RT source functions of the doublet and the triplet include the effect of branching between 338 
lines having the same upper state. Both the primary sources and RT source functions include a 339 
wavelength and angular dependence which does not appear in Figure 4, that shows the 340 
wavelength and angle-integrated primary source and RT source functions. When the 341 
atmosphere is optically thick with respect to the studied emission, the RT source function can 342 
be several orders of magnitude larger than the primary source function of that emission. In 343 
contrast, both are equal in a perfectly optically thin case. As it can be seen in Figure 4, the 344 
Venus thermosphere appears as nearly optically thin when the carbon density profile of Fox 345 
and Paxton (2005) is used, despite the very large Einstein transition parameters of the 346 
multiplet lines (Table 3).  347 
The radiative transfer source function of the solar photons presents its main peak around 348 
140 km, around the maximum of the carbon density profile. A secondary peak occurs at lower 349 
altitude, corresponding to Rayleigh scattering of solar photons by CO2. Such a situation is 350 
uncommon in the radiative transfer of resonance emissions through planetary atmospheres. It 351 
happens here because the carbon density is so low in the Venus thermosphere compared with 352 
that of CO2 that Rayleigh scattering by CO2 still plays a (minor) role despite its tiny cross 353 
section. Our result may however be biased by our use of a symmetrized line profile for each 354 
transition, so that the total solar flux including the far wings of the symmetrized solar input 355 
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may differ from the actual solar input. We verified that ignoring the Rayleigh scattering in the 356 
radiative transfer of all the carbon multiplets does not significantly change our results and 357 
analysis concerning the observed and modeled Cassini-UVIS intensity (see below). Indeed, 358 
the Rayleigh peak is more than an order of magnitude smaller than the resonance peak, and it 359 
extends across a smaller altitude range, so that it represents a source of photons much smaller 360 
than resonance scattering of the solar line. Comparing with Figure 3c, it appears that 361 
scattering of sunlight dominates the photochemical sources of photons, as was previously 362 
pointed out by Fox and Paxton (2005). The column-integrated sources are listed in table 4. At 363 
165.7 nm, the resonance scattering of solar photons dominates photochemical sources by 364 
nearly a factor 4. Figure 5 shows the primary source and the radiative transfer source 365 
functions of the CI-156.1 nm multiplet. Comparing with Figure 3b, we notice that the solar 366 
source provides again the most important input of photons for this multiplet, although the 367 
magnitude of the solar flux at 156.1 nm is about three times smaller than that at 165.7 nm 368 
(Table 3). After column integration (Table 4) we find that the solar source of photons 369 
dominates the photochemical processes by more than a factor 3. The Rayleigh scattering also 370 
produces a secondary peak in the source functions, around ~120 km of altitude. The source 371 
functions of the CI-126.1 nm multiplet are shown in Figure 6. The source functions are lower 372 
than that of the CI-156.1 and CI-165.7 nm multiplets mainly because the solar flux is lower. 373 
In this case, resonance scattering of the solar line is largely dominated by the non-thermal 374 
photochemical sources of photons (which are optically thin) shown in Figure 3a. After 375 
column integration, the resonance scattering of the solar 126.1 nm photons only contribute 376 
~7% of the total. 377 
The radiative source functions are not directly observable. The CI-165.7 nm intensity 378 
computed along the Cassini track for the UVIS observing conditions are shown in Figure 7a. 379 
Our simulations are expected to be less accurate near the terminator and near the limb. As it 380 
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could be expected based on the source functions, scattering of solar photons is the most 381 
important radiative process at 165.7 nm. Clearly, the simulated intensity is by far too low 382 
compared with the observation. The discrepancy increases at larger solar zenith angles, where 383 
the intensity is higher. In principle, the uncertainties affecting the fitted observed intensity 384 
should decrease as the signal to noise ratio decreases. We thus rule out a possible 385 
misidentification of the CI-1657 nm intensity as the origin of the discrepancy. Indeed, our 386 
fitting procedure has revealed efficient for several other emissions (Hubert et al., 2010) such 387 
as the fourth positive band system of CO and the oxygen emissions at 130.4 and 135.6 nm. In 388 
our view, this discrepancy can have two origins: a too small solar flux, or a too low carbon 389 
density. We verified that the solar flux used in the present computation is reasonable by 390 
comparing it with the flux observed by the TIMED satellite at similar solar activity. The 391 
carbon density profile thus appears as the principal candidate for explaining the discrepancy. 392 
We conducted sensitivity tests by multiplying the carbon density profile of the model by 393 
factors ranging between 0.1 and 20. The CI-165.7 nm intensity computed along the Cassini 394 
track is shown in Figure 7a for several of them. The correction factor to be applied to the 395 
carbon density profile changes along the Cassini track. This point will be discussed again 396 
later. Figures 7b and c show the simulated and observed CI-156.1 and 126.1 nm intensities 397 
along the Cassini track. The same trends appear for these multiplets as for the CI-165.7 nm 398 
multiplet. Resonance scattering of the solar flux produces the main contribution to the 156.1 399 
nm intensity while photochemical sources provide most of the 126.1 nm photons. However, 400 
the observed intensity at both wavelengths is much larger than that calculated using the 401 
carbon density profile of Fox and Paxton (2005), the discrepancy is more severe at larger 402 
SZA and increasing the carbon density may account for the discrepancy, the scaling factor to 403 
be applied being larger at smaller SZA. 404 
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The sensitivity of the 165.7, 156.1 and 126.1 nm intensities to the correction factor 405 
applied to the carbon density are shown in Figure 8, for the conditions prevailing for UVIS 406 
record 25. The response is clearly non-linear for the 156.1 and 165.7 nm multiplets. For small 407 
carbon densities, i.e. small correction factors, the response is fairly linear because the carbon 408 
column is optically thin for the photons of the CI-resonance transitions, and because none of 409 
the photochemical sources has a nonlinear dependence versus [C]. But, as the density is 410 
increased, the atmosphere becomes optically thick, and the sensitivity of the FUV intensity 411 
versus the carbon density decreases. This is intuitively natural: for a strongly optically thick 412 
medium, the solar radiation penetrates down to the altitude where the optical depth τ roughly 413 
equals 1. This altitude is wavelength-dependent, and it can be located rather deep in the 414 
atmosphere due to the large broadening of the (reverted) solar lines. The photons are thus 415 
absorbed at altitudes where the optical thickness at line center is very large, and the scattered 416 
solar photons enter the process of optically thick radiative transfer with multiple scattering. It 417 
also follows that, for a very optically thick atmosphere, multiplying the scatterer density by a 418 
factor e ~ 2.72 is more or less equivalent to simply rising the τ = 1 altitude by 1 scale height, 419 
leaving the rest of the radiative transfer process nearly unchanged. One can thus expect that, 420 
under optically thick conditions and when the main source of photons is the solar input, the 421 
dependence of the observed intensity versus the scatterer density will remain weak, because 422 
most of the solar photons are scattered anyway, so the progressive loss of sensitivity versus 423 
the scaling factor shown in Figure 8a,b. The sensitivity of the CI-126.1 nm emission has a 424 
different dependence than that of the two other multiplets. Absorption of solar radiation plays 425 
a minor role for this emission. When the carbon density is low, the non-thermal 426 
photochemical sources of excited carbon provide the dominant source of photons, but when 427 
the carbon density is increased, the production rate of excited carbon by electron impact is 428 
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similarly enhanced and progressively becomes the dominant primary source of photons, to 429 
which the Venus thermosphere also progressively becomes optically thick. 430 
The correction factor to be applied to the carbon density profile to account for the 431 
Cassini-UVIS observation has been computed for the three multiplets, for all the UVIS 432 
observation of the dayglow along the Cassini track. Figure 9 summarizes these results. The 433 
error bars represent the 1-σ uncertainty, estimated using the sensitivity of the computed 434 
intensity versus the carbon correction factor and the uncertainties on the observed intensities 435 
deduced from our fitting procedure. These uncertainties include the Poisson noise of the data 436 
and the effect of the flatness of the chi-square function. The values computed at SZA ~ 11° 437 
are obtained for a slant view of the planet limb, where our model may be less reliable. The 438 
last point of the CI-165.7 nm curve may thus not be reliable. The correction factors deduced 439 
from the three multiplets are roughly compatible with each other, especially at SZAs larger 440 
than 40° where they perfectly agree considering the uncertainties of the results. The reason 441 
why the correction factor deduced from the CI-156.1 nm strongly departs from that based on 442 
the CI-165.7 and 126.1 nm multiplets at SZA > 40° remains unclear. However, our analysis 443 
suggests that the carbon density of the Venus thermosphere increases at smaller solar zenith 444 
angle. This is apparently logical: a smaller SZA implies a larger incident solar flux, which 445 
increases ionization and photo-dissociative processes. One may speculate that a larger SZA 446 
leads to a larger production of carbon atoms by dissociation of carbon-based molecules, and 447 
to an inccrease of the O2 loss rate due to photo-dissociation of that molecule by solar UV 448 
radiations. In parallel, the production of O2 by photodissociation of CO2 is increased in 449 
similar proportion (neglecting the variation of the CO2 density versus SZA). An increased 450 
solar UV flux would also increase the production of oxygen atoms, that can recombine and 451 
form O2 molecules in three-body collisions. Triple collisions are slow processes, and in 452 
addition, the general thermospheric circulation of Venus is characterized by a Hadley cell that 453 
Carbon UV 1/06/2012 
21 
 
transports the produced oxygen atoms from the day to the night side, especially at small SZA, 454 
thus reducing the production rate of O2 molecules by that process. We thus do not expect that 455 
the O2 mixing ratio would be largely dependent on SZA, because a variation of the solar flux 456 
would similarly impact the loss and main production rates of O2, leaving the equilibrium 457 
concentration nearly unchanged. A smaller SZA could thus imply a larger production rate and 458 
an unchanged loss rate of carbon atoms, and consequently a larger carbon concentration as 459 
suggested by the observations. A complete three-dimensional modeling of the coupled 460 
photochemistry and general circulation of the thermosphere of Venus would be necessary to 461 
establish if our proposed speculation is the actual reason of the SZA dependence that we find 462 
for the carbon density. 463 
The density profile of Fox and Paxton (1985) was computed for a SZA=60°, adjusting 464 
the O2 density profile to match the carbon density profile deduced by Paxton (1985). We find 465 
that a factor ~6.5 must be applied to the carbon profile to account for the observation near 466 
SZA = 60°. Our observation and modeling thus suggest a discrepancy with the carbon density 467 
profile deduced by Paxton (1985), which stems from the larger solar flux used by Paxton 468 
(1985). The carbon density deduced from Paxton (1985) puts a constrain on oxygen to carbon 469 
dioxide ratio to be [O2]/[CO2] ~ 3 x 10-3. For comparison, the model of Krasnopolsky and 470 
Parshev (1983) had [O2]/[CO2] ~ 6 x 10-4 at ~140 km of altitude, that would produce a 5 471 
times lower carbon loss rate due to reaction (1) and thus a five times larger carbon density, 472 
providing that the production rate of carbon would remain unchanged. Such a factor is 473 
roughly what we find around SZA = 60°. 474 
The brightest emission being the CI-165.7 nm multiplet, one could expect that the 475 
correction factor estimated based on this emission would be the most reliable. However, the 476 
response of the calculated intensity versus the carbon density is slightly more non-linear. The 477 
computed 165.7 nm intensity is, in principle, less sensitive to the carbon density than that of 478 
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the other multiplets, at least when the carbon density is largely increased and the optical 479 
thickness becomes significantly larger than 1. The 126.1 nm emission, as it is modeled in this 480 
study, mostly depends on the electron impact excitation of carbon atoms, which is directly 481 
proportional to the density, but its low intensity produces larger uncertainties. In addition the 482 
detailed line profile of the 126.1 nm solar multiplet is unknown, introducting an additional 483 
source of uncertainties. It is thus difficult to determine which of the three multiplets is the best 484 
suited for estimating the correction to be applied to the carbon density profile. The very 485 
different results found at larger SZA values between the 156.1 and 165.7 nm – determined 486 
scaling factors indicate that some elements still escape our understanding of the carbon 487 
density profile (unless it would result from uncertainties on the fitted intensities). One 488 
possibility would be that the shape of the carbon density profile, not only the (peak) absolute 489 
value, would need to be revised. This could suggest that a part of the processes governing the 490 
photochemistry of carbon remains misunderstood. For example, does transport play any role? 491 
Are all the photochemical cross sections sufficiently well known, etc. ? Indeed, the SZA-492 
dependence of the needed correction factor clearly points to a photochemical origin of the 493 
discrepancy between the observed and computed intensities, as already explained before.  494 
An observational origin of the discrepancy between the multiplets must also be 495 
considered. The reason why different correction factors are found based on the CI-156.1 and 496 
165.7 nm emission is illustrated in Figure 10a, which shows the ratio between the Cassini-497 
UVIS CI-156.1 and 165.7 nm intensities. This ratio remains fairly stable for SZA > 40°, but it 498 
starts increasing at smaller SZAs. The ratio that we compute compares well with the value of 499 
~0.5 of Feldman et al. (2000) who observed the FUV spectrum of the Venus disk using the 500 
Hopkins Ultraviolet Telescope (HUT), but who did not resolve the blend with the CO Fourth 501 
Positive band system. However, the tendency found for SZA < 40° points to a consistent, 502 
regular increase despite the uncertainties on the intensity ratio. By contrast, the CI-126.1 / CI-503 
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165.7 nm intensity ratio remains stable over the whole Cassini-UVIS track. One could argue 504 
that the fitted intensity of the multiplets shown in Figure 2 would have uncertainties larger 505 
than that estimated from the Poisson noise and chi square flatness because of the blend with 506 
the CO fourth positive band system at the UVIS wavelength resolution. This could be the 507 
reason of the different scaling factors that we deduce for the carbon density based on the CI-508 
165.7 and 156.1 nm intensities at SZA < 40°. It nevertheless remains that, at smaller SZA 509 
values, the results found for the three multiplets consistently show that the carbon density 510 
profile must be significantly increased by a factor up to ~10 to account for the observations. 511 
In addition, the fitted intensity profiles shown in Figure 2 have the same shape, and mostly 512 
differ through the magnitude of the intensity scale. After scaling to unitless values (by 513 
dividing each curve by its average along the track, for example), all the so-obtained relative 514 
intensities appear nearly superimposable, as shown in Figure 11. Even the relative intensity 515 
of ionized carbon does only slightly differ from those of atomic carbon multiplets. It naturally 516 
follows that all these emissions share a similar SZA-dependence. This is understandable 517 
because the ultraviolet solar flux at the top of any atmospheric column strongly drives all the 518 
photochemical processes in that column at day time. Fitting a line through the estimated 519 
carbon scaling factors (including the three emissions), we could verify that the discrepancy 520 
between low SZA values rather appears as a dispersion around the fitted line: indeed, 521 
including values for SZA above 39 Deg or not gives nearly the same fitted lines. The natural 522 
conclusion then remains that the carbon density profile varies versus SZA at a nearly linear 523 
rate that can be fitted for the Cassini flyby to ~-0.23 Deg-1. It would thus also appear natural 524 
to infer from the observation that the carbon photochemistry of Venus is nonlinearly sensitive 525 
to the solar input. Further detailed modeling of the photochemistry of the thermosphere of 526 
Venus, including the mixing ratio of O2, will be needed to understand that sensitivity. 527 
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5. Conclusion 528 
The dayglow intensity of the CI multiplets at 126.1, 156.1 and 165.7 nm has been 529 
measured and spatially resolved across the Venus disc using the UVIS instrument during the 530 
Cassini flyby of the planet. The intensity of these emissions has been modeled including 531 
photochemical sources and resonance scattering of solar radiation. The carbon density profile 532 
was taken from the model of Fox and Paxton (1985). We find that the ratio between the 533 
observed 156.1 and 165.7 nm is compatible with previous observations obtained with the 534 
HUT instrument. A significant discrepancy is found between the observed and modeled 535 
intensity of the three multiplets, that we attribute to a too low carbon density. The scaling to 536 
be applied to the carbon density profile to account for the observations of the three multiplets 537 
consistently varies from ~2 at SZA~80° to ~10 for SZA~45°. At smaller SZA values, the 538 
156.1 nm emission suggests scaling factors reaching as much as 20 while the 126.1 and 165.7 539 
nm multiplets indicate scaling factors around 12. This internal discrepancy between emissions 540 
remains to be explained and appears as a scatter around a mostly linear dependence. All three 541 
analyzed multiplets nevertheless show a clear agreement at larger SZAs that points to a 542 
photochemical origin of the SZA dependence that we find for the carbon density in the 543 
thermosphere of Venus. The larger carbon density that we infer from the Cassini-UVIS FUV 544 
data also implies that the mixing ratio of O2 is lower than previously thought, but this ratio 545 
does not necessarily need to vary versus SZA to account for the observations. 546 
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(upper and lower state) 
Wavelength 
(nm) 
CO (A → X) Fourth positive system 130 - 200 
OI (2s22p3(4S°)3s 3So → 2s22p4 3P) 130.4 
OI (2s22p3(4S°) 3s 5So → 2s22p4 3P) 135.6 
CI (2s22p 3d 3Po → 2s22p2 3P) 126.1 
CI (2s22p3d 3Do → 2s22p2 3P) 127.8 
CI (2s2p3 3Po → 2s22p2 3P) 132.9 
CI (2s2p2(4P)3s 5P → 2s2p3 5S0) 143.2 
CI (2s22p3d 1Fo → 2p2 1D) 146.3 
CI (2s2p3 3Do → 2s22p2 3P) 156.1 
CI (2s22p3s 3Po → 2s22p2 3P) 165.7 
CII (2s2p2 2D → 2s22p 2Po) 133.5 
 650 
Table 1. List of emissions explicitly included in the fitting procedure of the UVIS 651 
spectra between 125 and 180 nm. 652 
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CI (2s22p 3d 3Po → 2s22p2 3P)  125 129 0.018 
CI (2s2p3 3Do → 2s22p2 3P) 152 160 0.0508 
CI (2s22p3s 3Po → 2s22p2 3P) 163 168 0.109 
 654 
Table 2. Relative contribution of the CI multiplets to the solar flux in wavelength 655 
intervals determined by λmin and λmax allowing to estimate the CI multiplet fluxes from low 656 
resolution solar spectra. 657 
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Table 3. Atomic parameters and solar fluxes used in the modeling of the CI multiplets at 661 
126.1, 156.1 and 165.7 nm. The Einstein coefficients Aul are all very large, so that optical 662 
thickness can become large, even at rather low carbon densities. The solar flux F⊙is given for 663 
the total sextuplets, at 1 AU. The parameters of the Gaussian functions are given in standard 664 
Doppler units at a reference temperature of 500 K, suitable for the Venus thermosphere. The 665 
Rayleigh scattering cross section σCO2  is computed using the polarizability of Nir et al. 666 
(1973). The transition parameters are from Weise and Fuhr (2007). 667 
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126.1 nm 156.1 nm 165.7 nm 
Solar (cm-2 s-1) 3.17 x 105 6.42 x 107 1.60 x 108 
Photochemical 
(cm-2 s-1) 4.8 x 10
6
 2.03 x 107 4.17 x 107 
ratio 0.07 3.16 3.84 
 670 
Table 4. Column-integrated sources of photons of the CI 126.1, 156.1 and 165.7 nm 671 
multiplets in the Venus thermosphere, calculated for the observing conditions of the Cassini-672 
UVIS record 25. The solar source comes from the resonance scattering of the solar photons, 673 
photochemical sources include the thermal and non-thermal emissions, and the last line gives 674 
the ratio of these two 675 
  676 
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Figures and captions 677 
  678 
Figure 1. Observed (dotted lines) and fitted (dashed lines) UVIS spectrum obtained with a 679 
minimum possible emission angle (Pannel a). Pannel b shows the contributions of the fitted 680 
CO-4P bands (black), OI (red) and CI (green) multiplets to the total fitted spectrum. The 681 
bright CI multiplets at 156.1 and 165.7 nm are well separated from the surrounding CO-4P 682 
spectral features, as it can be seen in panels c and d showing a zoom of panels a and b 683 
respectively, on the wavelength interval that contains the brightest CI transitions. The ±2σ 684 
error bars of the brightest feature (the 130.4 nm oxygen multiplet) and of the signal nearby the 685 
carbon emissions are also shown. 686 
687 




Figure 2. Intensities of the brightest CI (at 126.1 -a-, 127.8 -b-, 132.9 -c-, 156.1 -d- and 689 
165.7 -e- nm) and CII (at 133.5 nm -f-) FUV multiplets recorded between ~125 and 180 nm 690 
along the Cassini-UVIS track, plotted versus the solar zenith angle of the emitting layer 691 
observed by UVIS. Cassini crossed the morning terminator (SZA~90°) and moved towards 692 
the planetary bright limb where larger intensities are recorded. 693 




Figure 3. Photochemical production rates of the upper state of the CI 126.1 nm (a), CI 695 
156.1 nm (b) and CI 165.7 nm (c) transitions, computed for the observing conditions of UVIS 696 
record 25. TheVTS-3 CO2 and reference C density profiles adopted in the model are shown in 697 
panel (d). 698 
  699 





Figure 4. Primary source and RT source function of the CI-165.7 nm multiplet, 702 
computed for the observing conditions of Cassini-UVIS record 25, resulting from resonance 703 
scattering of sunlight. Thin lines represent the primary sources, thick lines the RT source 704 
functions. The multiplet is decomposed into three components, grouping lines having the 705 
same upper state (which are added together in this figure), i.e. a singlet, a doublet and a triplet 706 
of lines. 707 
 708 




Figure 5. Primary source and RT source function of the CI-156.1 nm multiplet, 710 
computed for the observing conditions of Cassini-UVIS record 25, resulting from the 711 
scattering of the solar light. Thin lines represent the primary sources, thick lines the RT source 712 
functions. The multiplet is decomposed into three components, grouping lines having the 713 
same upper state (which are added together in this figure), i.e. a singlet, a doublet and a triplet 714 
of lines. 715 
 716 
 717 




Figure 6. Primary source and RT source function of the CI-126.1 nm multiplet, 719 
calculated for the observing conditions of Cassini-UVIS record 25, resulting from the 720 
scattering of the solar light. Thin lines represent the primary sources, thick lines the RT source 721 
functions. The multiplet is decomposed into three components, grouping lines having the 722 
same upper state (which are added together in this figure), i.e. a singlet, a doublet and a triplet 723 









Figure 7. Observed (diamonds) 
and calculated (solid line) intensity of 
the CI-165.7 (a), 156.1 (b) and 126.1 
(c) nm multiplets, along the Cassini 
track. Calculations have been carried 
out for the Cassini-UVIS conditions 
using the carbon density profile of Fox 
and Paxton (2005). The total 165.7 and 
156.1 nm intensity (solid line) is 
dominated by the contribution of the 
resonance scattering of sunlight (short 
dashes) which dominates that of the 
photochemical sources (dotted lines). 
The CI-126.1 nm intensity is dominated 
by the non-thermal photochemical 
sources, which are optically thin 
sources (dash-dot-dot, panel c). The 
sensitivity of the computed intensities 
versus the carbon density is illustrated 
by the long dashes, obtained for several 
scaling factors applied to the original 








Figure 8. Sensitivity of the calculated intensity of the CI-165.7 (a), 156.1 (b) and 126.1 731 
(c) nm multiplets versus the correction factor applied to the carbon density profile, for the 732 
observing conditions of Cassini-UVIS record 25. 733 




Figure 9. Carbon density scaling factor estimated along the Cassini track from the UVIS 735 
observation and modeling of CI-165.7, 156.1 and 126.1 nm multiplets. Calculations 736 
conducted for limb conditions (near SZA = 0) may be unreliable. The error bars represent 1-σ 737 
uncertainties obtained using the sensitivity of the computed intensities versus the carbon 738 
density and the errors on the measured intensities, including the Poisson noise and the chi-739 
square flatness of the fitting process used to estimate the CI multiplets intensities. 740 
 741 




Figure 10. Ratio of the observed Cassini-UVIS CI-156.1 nm (a) and CI-126.1 nm 743 
intensity over the CI-165.7 nm intensity observed along the UVIS foot track 744 




Figure 11. Relative intensity of the emissions shown in Figure 2, along the Cassini 746 
track. The relative intensities are computed by dividing each curve of Figure 2 by its average 747 
value along the Cassini track. 748 
 749 
